This study presents an analytical modeling of the mechanical behavior of textile composites. The main objective of this study is to evaluate in-plane and out of plane ultimate strengths for different types of 2D and 3D fabric-reinforced polymer. The proposed analytical model consists of a homogenization method, a failure criterion, and a damaged stiffness model. An improved failure prediction algorithm is presented, which tends to enhance the prediction of ultimate strengths. It is shown that assuming a final failure of undulated yarns for a failure of 90% of subdivisions rather than 100%, alongside assigning a multi-failure mode for the failed subdivision rather than single failure mode is yielding much better results. The predicted elastic properties and ultimate strengths are compared to available experimental and numerical data, where a very good agreement is shown. The proposed model offers a reliable, simple, and easy to use analytical tool.
Introduction
In recent years, the importance of textile composites has increased due to their physical, thermal, and mechanical properties, alongside light weight (Ayranci and Carey, 2008; Hu, 2008; Kaw, 2006; Mouritz et al., 1999; Tong et al., 2002) . The necessity of using textile composites in advanced industries imposes a modeling of their mechanical behavior, in order to provide reliable data for designers and engineers. Nowadays it is considered as a great challenge for many researchers. The evaluation of mechanical behavior of textile composites could be done using three methods: experimental tests, analytical modeling, or numerical finite element (FE) modeling.
As known experimental tests are expensive and time costly. However, the implementation of numerical models based on FE method offer a good solution but they consume a lot of time, was proposed by Kalidindi and Abusafieh (1996) and Kalidindi and Franco (1997) by introducing a weighted factor. The main challenge remains in giving a significant physical meaning and generalized form of such factor to be used with different kinds of architectures.
Other models try to find a geometrical representation of the REV, where layers and sub-volumes are assembled in parallel or in series along the loading or assembling direction, according to their relative positions. Two different approaches were noticed. The first needs a fully discretized REV where sub-volumes are assembled along loading direction in series or in parallel, such as Naik and Kuchibhotla (2002a) , Naik et al. (2002b) and Naik and Ridevi (2002c) model. The second approach (Bystrom et al., 2000; Jiang et al., 2000; Lee et al., 2003; Chou, 1999a, 1999b; Ruan and Chou, 1996; Sankar and Marrey, 1997; Tan et al., 1999a Tan et al., , 2000a Tan et al., , 2000b Tan et al., , 2001 Vandeurzen et al., 1996a Vandeurzen et al., , 1996b adopts the assemblage by components, i.e. sub-volumes of undulated parts of yarns are assembled initially, and then, homogenized yarns with remaining pure matrix are assembled to predict the stiffness of the REV.
Furthermore, in order to find a generalized model that could be employed for different textile types, semi-numerical models based on inclusion methods and the method of cells are introduced. An inclusion model based on Mori-Tanaka (M-T) method was presented (Gommers et al., 1998) . This model is supposed to describe the stress-strain fields in the REV better than the iso-strain model. It yielded similar and better results for 2D woven, braided, and knitted composites (Gommers et al., 1998) . Another approach based on the method of cells was proposed (Prodromou, 2004; Prodromou et al., 2011) This model proves to yield better results than the M-T model (Prodromou et al., 2011) .To apply such a model, a full 3D discretization of the REV into smaller cells is required using a geometrical modeling software. It is shown in Prodromou (2004) and Prodromou et al. (2011) that the required computational time is less than that with FE methods but much greater than conventional analytical models, especially those based on iso-strain and isostress assumptions.
Recently, the authors proposed a generalized analytical model, the three stages homogenization method ''3SHM,'' in order to evaluate the elastic properties of 2D and 3D textile composites (Hallal et al., 2013) . That model was developed during many studies (Hallal et al., 2011b (Hallal et al., , 2012 Nehme et al., 2011) . The model has shown that analytical modeling of elastic properties is yielding good results and could be applied for all kinds of 2D and 3D textile composites.
In this study, the main objective is to predict ultimate strengths and evaluate the stress-strain diagrams for pure axial and shear loadings for different types of 2D and 3D composites. The proposed model tends to present a reliable and flexible tool to be used with different types of textiles even those having complex architecture as 3D angle interlock woven composites.
Modeling methodology
In this section, the general scheme of the proposed analytical model, which provides all 3D elastic properties, ultimate strengths and a stress and strain diagrams for axial and shear loadings, is presented. The proposed modeling scheme is composed from a homogenization method, a failure criterion and a damaged stiffness model (Figure 1) . A geometrical modeling relying on a sinusoidal modeling of the undulated yarns is adopted. Chamis micromechanical model (Chamis, 1989; Chamis et al., 2013 ) is used to determine the elastic properties and ultimate strengths of subdivisions-UD composites. Then, an analytical homogenization method developed by the authors (Hallal et al., 2013 ) is employed to predict the stiffness matrix of the composite and to evaluate the stress-strain fields throughout the REV. The fourth component of the model is the failure criterion. Tsai-Wu failure criterion will be adopted for UD composites subdivisions, while Christensen failure criterion Hallal and Younes is used for the pure matrix part. The fifth component used is a damaged stiffness model for subdivisions-UD composites (Figure 1 ).
It should be noticed that this study deals more specifically with the algorithm used to predict the ultimate properties (Figure 2 ), since the prediction of composite stiffness is done previously by the authors (Hallal et al., 2013) . The proposed algorithm shown in Figure 2 tries to predict the failure of the composite based on the following conditions:
(1) Final failure is assumed when all components (all yarns and pure matrix) are considered at failure. (2) Undulated yarns are considered at complete failure only if 90% of subdivisions-UD composites are damaged. (3) A multi-failure mode is assigned to the failed subdivisions-UD composites. (4) The applied stress on the REV is increased only if no new failure is occurred.
In order to propose a reliable strength model, our methodology is based on solving three major problematic. The first problematic is related with the multi scale homogenization method used. That method proposed by the authors (Hallal et al., 2011b (Hallal et al., , 2012 (Hallal et al., , 2013 Nehme et al., 2011b ) has been used in previous studies to evaluate only the elastic properties of textile composites, where it shows better predictions to available experimental data compared to other analytical and numerical models. However, in this study, the capabilities of that method in the evaluation of stress and strain fields throughout the REV are crucial in order to yield good predictions of ultimate properties.
The second problematic, which is rarely discussed in other works, is related to the assumption of final failure. When modeling a textile composite, a braided or a woven composite, the main attention is given for modeling of undulated yarns. An accurate modeling of failure for undulated yarns will affect greatly the final failure of the composite. In most works, the failure of undulated yarns is assumed to be happened when all subdivisions-UD composites are at failure. There are no studies that deal with that assumption. Whether failure of all subdivisions-UD composites (100% of them) of an undulated yarn or the failure of a defined number of subdivisions-UD composites (0 < percentage of damaged subdivisions < 100%) will indicate the complete failure of the yarn? In this study, this assumption is discussed where a new assumption of failure of undulated yarn (less than 100%) is introduced. This assumption will show that it well enhance the predictive capability of the proposed model.
The last problematic appears with the stiffness matrix assigned for a damaged subdivision, the damaged stiffness matrix. In most works (Prodromou, 2004; Prodromou et al., 2011) , the damaged stiffness matrix used corresponds to a chosen unique single failure mode. The first problem to be discussed is how to choose that failure mode. Secondly, assigning a single failure mode, means neglecting other failure modes that could appear, that will lead to a specific damaged stiffness matrix that only corresponds to the chosen failure mode. When textile composites are subjected to a loading, even uniaxial tensile loading, a complex stress and strain fields are subjected on each subdivision-UD composite of undulated yarns. It means that different failure modes are affecting the final failure of each subdivision. Consequently, neglecting some failure modes could well influence the choice of the correct damaged stiffness matrix of the failed subdivision-UD composite. This will greatly affect the evaluation of the ultimate strengths. In this study, a modified stiffness damaged model based on assigning multi-failure modes are introduced and investigated. In other words, a damaged stiffness matrix that takes into account all failure modes is proposed. A comparison between analytical modeling based on a single failure mode and proposed multi-failure modes is shown and discussed. In order to validate the proposed model, the predicted results are compared to available experimental data. It should be noticed that all experimental data used are found in the literature, imposing more challenge to the proposed model. Thus, a comparison that relies on comparing predicted results with different experimental tests done by different scientists in order will show better the reliability of the proposed model, as making an exercise for the proposed model.
Modeling

Geometrical modeling
Defining the REV is the first step in the geometrical modeling for any analytical model (Figure 3) . The geometrical parameters, such as length, width, and height of the REV, also the height and width of each yarn's cross-sectional area are to be determined. These parameters are involved in the calculation of volumes of yarns, layers, and REV, as well as other needed elements as the orientation of yarn's sub-volumes, since yarn volumes are calculated by multiplying the length of longitudinal section of yarns by its transverse section area. The modeling of longitudinal profile, transverse crosssections, and the calculation of fiber volume fraction is given in (Appendix 1). 
Analytical homogenization method -The 3SHM model
In this section, the homogenization method that evaluates the elastic properties and composite stiffness matrix is briefly presented. Moreover, this method is also used to predict the stress and strain fields throughout the REV. The homogenization method was developed earlier in order to predict the elastic properties of textile composites.
The used homogenization method, the 3SHM model (Hallal et al., 2013) ,consists of three stages of homogenization levels: micro, meso, and macro homogenization stages. At first stage, the micro homogenization stage, the stiffness matrices of sub-volumes are calculated. Then, at meso homogenization stage, the stiffness matrices of yarns are evaluated by assembling sub-volumes using both isostrain and iso-stress methods. Finally, at macro stage, the stiffness of the REV is evaluated in terms of homogenized yarns and the matrix stiffness matrices under an iso-strain assumption. The detailed homogenization procedure is given in the Appendix 1.
Evaluation of the ultimate strengths of textile composites Evaluation of the stress-strain fields throughout the composite. In order to apply a failure criterion and a damaged stiffness model, the stress and strain fields for each subdivision-UD composite should be calculated. It will be done using the 3SHM model. An inverse procedure of that used to determine the elastic properties is applied. Let's consider a textile composite consists of n yarns and a polymeric matrix. Textile composites are characterized by undulated yarns which are discretized to small subdivisions considered as UD composites. The generalized homogenization method, the 3SHM method, allows the calculation of stress and strain fields throughout the composite as follow:
The average stress tensor throughout the composite is given by
The Hook's law gives
where C c ½ is the stiffness matrix of the composite The iso-strain conditions gives
and " m f g are the average strain in the composite and the n yarns and matrix
The stress throughout the matrix is given by
where C m ½ is the stiffness matrix of the matrix The stress throughout the n yarns is given by
where C yi Â Ã is the stiffness matrix of the i-th yarn.
Then, the stress throughout each subdivision of each yarn is calculated as follow: An iso-stress condition is considered for the left and right parts of the undulated yarns
Then, to calculate the stress throughout each subdivision, a mixed iso-stress and iso-strain conditions are considered. The iso-strain condition means that the strain in the undulated yarns equals to that for each subdivision:
where S yi Â Ã is the compliance matrix of the i-th yarn
where
. and " n f g are the average strain in the undulated right/left part of the i-th yarn.
where s 0 i È É , " i f g and C yi Â Ã are the stress, strain, and the stiffness matrix, respectively, of the i-th yarn Under iso-stress condition
The stress throughout the subdivision in the (xyz) global coordinate system is given by
Finally, the stress in local coordinate system is calculated using a transformation matrix as follow
Failure criteria for subdivision-UD composite and matrix. The failure criterion proposed to predict the failure of UD composites is a tensor polynomial criterion proposed by Tsai and Wu (1971) This criterion is used to predict the failure of subdivision-UD composite and straight yarns. This criterion may be expressed in tensor notation as
where i, j, k ¼ 1,. . ., 6 for a 3D case. The parameters Fi, Fij, and Fijk are related to the lamina strengths in the principal directions. For practical proposes, and due to the large number of material constants required, the third-order tensor Fijk is usually neglected. Therefore, the general polynomial criterion reduces to a general quadratic expression given by
where i, j ¼ 1,. . ., 6. Considering that the failure of the material is insensitive to a change of sign in shear stresses, all terms containing a shear stress to first power must vanish: F4 ¼ F5 ¼F6 ¼ 0. Then, the explicit form of the general expression is
where X t , X c , Y t , Y c , Z t , and Z c are the ultimate axial strengths for UD composites calculated by Chamis model (Chamis, 1989; Chamis et al., 2013) where t is used to indicate a tensile case and c for the compression case, for x, y, and z directions, respectively. Q, R, and S represent the ultimate shear strengths for UD composites, while Q and R represent the out of plane shear stress and S is used to indicate the in-plane shear stress.
Concerning the failure for the pure matrix domain, the Christensen's failure criterion is adopted. The Christensen failure criterion (Christensen RM, 2007 ) is given as follow
where s I is the maximum tensile stress at a point which is the maximum value of the three roots of the following cubic equation 
Damaged stiffness model for UD composites and matrix
The proposed damaged stiffness model is used to replace the stiffness matrix of a failed component (straight yarn, subdivision-UD composites and matrix) by a reduced stiffness matrix. In recent works, the damaged stiffness matrix is chosen according to the major loading that causes the failure. If per example the subdivision-UD composite is subjected to axial tensile stress and in-plane shear stress, where the ratio of applied tensile stress to ultimate tensile strength of the material is higher than that for the shear stress, the failure mode will be that of the axial stress. Consequently, a reduced damaged stiffness matrix according to a tensile stress failure mode will be given for that failed subdivision. This concept will lead to a huge error in failure prediction of textile composites, as it will be shown in the next section. In this study, where modeling of textile composites with complex undulated yarns is one of the objectives, assigning different failure modes for each failed subdivision will be crucial in order to enhance the estimation of ultimate properties. Thus, it is proposed that a different failure mode will contribute in the damaged stiffness matrix given for failed subdivision-UD composite. The failure modes, as given by (Hallal et al., 2011b) consist of: Tensile and compressive axial failure modes along x, y, and z direction, and shear failure modes for both positive and negative applied shear stress. The failure modes are (Figure 4 ):
Axial tensile stress failure mode (11t), axial compressive stress failure mode (11c). Transverse tensile stress failure mode (22t), transverse compressive stress failure mode (22c). Transverse out of plane tensile stress failure mode (33t), transverse out of plane compressive stress failure mode (33c). Positive in-plane shear stress failure mode (12t), negative in-plane shear stress failure mode (12c). Positive in-plane shear stress failure mode (13t), negative in-plane shear stress failure mode (13c). Positive in-plane shear stress failure mode (23t), negative in-plane shear stress failure mode (23c).
The damaged stiffness is considered as composed from different damage stiffness matrices corresponding to each failure mode. The damaged stiffness matrix is given as follow where ''Rijt/c'' are the ratios of applied stress to corresponding ultimate strength. These ratios are calculated as shown in Appendix 1. ''Cijt/c'' represent the damaged stiffness matrices that corresponds for each specific failure mode (Appendix 1). For a damaged subdivision, elastic properties are recalculated in terms of those given by Chamis model (Chamis, 1989; Chamis et al., 2013) according to the failure mode as shown (in Apprndix 1) (Lomov et al., 2009) . Then the corresponding damaged stiffness matrices are composed using the above reduced elastic properties.
In which concern the pure polymeric matrix that is considered as isotropic material, a damaged stiffness matrix is used when the pure matrix is at failure. The damaged stiffness matrix is recalculated in terms of reduced elastic properties as follow (Blackketter et al., 1993 
Model's discussion and improvements
In this section, the final failure of undulated yarns and the assigning of single or multi-failure modes are investigated. A modeling of 8H-Satin weave will be done. This fabric is modeled because of the influence of its undulated yarns in its final failure. In other words, the final failure of the undulated yarn will indicate the final failure of that composite. In the first part of this section, the influence of assigning single failure mode versus a multi-failure mode will be investigated.
In the second part, the number of damaged subdivisions that indicate the final failure of undulated yarn is investigated. Using experimental data for the ultimate tensile strength, a determination of the number of subdivisions that indicates the final failure is done. Then, the proposed modifications will be validated by modeling another type of composites, a 2 Â 2 twill woven composite.
Single failure mode versus multi-failure mode
Almost all proposed analytical models that deals with strength prediction of composites used a single failure mode to describe the failure of subdivisions-UD composites. This assumption was adopted at first in this study; however, that assumption seems illogical where the effect of only one stress is taken into account for assigning the corresponding failure mode, while the influences of other stresses are neglected. This assumption is also more complicated to apply when a failure criterion as Tsai and Wu (1971) or Hoffman (1967) is used. Assigning a single failure mode using these criteria is based on the largest ratio of applied stress to the strength of the damaged subdivisions-UD composite.
A modeling of 8H-Satin weave E-glass/epoxy composite (Scida et al., 1999 ) is performed in order to investigate the effect of assigning one failure mode versus multi-failure modes. Figure 5 shows the variation of the calculated ultimate tensile strength with the fiber volume fraction of warp and weft yarns. It should be well noticed that this Vf is that for yarns and not for the entire composite. Figure 5 shows clearly for both single and multi-failure modes, the ultimate tensile strength increases regularly with Vf starting at 0.4 until 0.5. However, for a value of Vf ¼ 0.52, a dramatic increase in tensile strength for the single failure mode is shown. A large increase from 490 Mpa at Vf ¼ 0.5, to 1675 Mpa at Vf ¼ 0.52 is shown. The value of 1675 MPa is definitely inacceptable and incorrect knowing that the experimental value is around 470 MPa. However, the multifailure modes method yields acceptable and more stable results, where no peak values are shown. The tensile strength has increased gradually from 490 Mpa to around 600 Mpa, for an increase of Vf from 0.4 to 0.7.
Final failure of undulated yarns
In this part, the final failure of undulated yarns is investigated. A problem that faces analytical modeling of textile composite failure is related with assigning the complete failure of undulated yarns. That problem did not appear in modeling the failure of laminated composites due to the absence of undulated yarns. In literature, the first assumption says that, an undulated yarn divided into subdivisions-UD composites is at final failure when all its subdivisions are at failure. However, another assumption could be used, which claims that the final failure will occur when at least one subdivision-UD composite is at failure. In order to understand that problem, the same 8H-Satin weave fabric is modeled because its final failure under tensile loading along warp direction (x direction) is due to the final failure of the warp undulated yarn. Thus, the effect of final failure determination could have much influence on the predicted result.
In the above analysis, the first assumption for final failure is used. It is noticed that even when the multi-failure mode is used, the calculated strength for (Vf yarns ¼ 0.634 equivalent to Vf composite ¼ 0.501 similar to that experimental (Scida et al., 1999 ) is about 635 MPa and still far than that given by experimental tests which is 470 MPa.
In order to solve that problem, it is proposed that the final failure of undulated yarn will be considered for a specific number of failed subdivisions. Thus, a prediction of the ultimate tensile strength is performed of the 8H-Satin weave composite with a fiber volume fraction similar to experimental data (Scida et al., 1999) for different cases of assumptions of ratio of failed subdivisions to total subdivisions that indicates the final failure of the yarn. The predicted results are plotted against that ratio ( Figure 6 ). It is noticed that a 0.9 ratio (which means a 90% of failed subdivisions) is showing the best agreement with the experimental results.
Model improvements validation
In this part of the study, the final improvements of the proposed model are to be used to determine the stress strain diagrams of a pure tensile loading for the previously studied 8H and a 2 Â 2 twill E-glass reinforced polymer (Tables 1 and 2 ). The results in this part will be used as first validation of the proposed model with the above improvements discussed in sections single failure mode versus multi-failure mode and final failure of undulated yarns.
Figures 7 and 8 show the stress-strain diagrams for a tensile test obtained from experimental and analytical modeling from Scida et al. (1999) compared to that predicted by the proposed analytical model. The results for the 8H-Satin weave show great agreement for both ultimate tensile strength and related ultimate strain (Figure 7 ). Concerning the 2 Â 2 twill weave, the ultimate tensile strength is also well predicted, while less agreement is found for the ultimate strain (Figure 8 ). For a stressbased analytical model, both results seem acceptable and prove the potential of the proposed model. In the next section, the proposed model will adopt the proposed modifications and improvements in order to predict the ultimate properties of different kinds of composites.
Results and discussion
While many experimental test are done in order to evaluate the mechanical properties of textile composites, few studies had provided complete and detailed information about geometrical and mechanical properties of the fabric, fibers, and matrix that enable accurate analytical or FE numerical modeling. Selected experimental data are used in this section to provide a comparison with different kinds of textiles (2D and 3D woven and braided fabrics), composed either from carbon or glass fibers-reinforced polymers. A modeling of elastic and ultimate strengths properties for different woven and braided composites is performed. The studied composites consist of one E-glass fiber/epoxy eight harness satin weave (Scida et al., 1999) (Figure 9(a) ), one E-glass fiber/epoxy twill weave (Scida et al., 1999) (Figure 9(b) ), one T300/epoxy 934 plain weave (Tan et al., 1999b) , three AS4 carbon fiber/epoxy tri-axial braided composites (Falzon and Herszberg, 1998) (Figure 9 (c)), and one T300J carbon fiber/epoxy 2.5D interlock woven composite (Christiane, 2006) (Figure 9(d) ). The predicted analytical results are compared to available experimental data, predicted results from FE numerical models and other numerical model, the asymptotic expansion homogenization method (AEHM). In Table 1 , the mechanical properties of fibers and matrices are shown. Moreover in Tables 2 and 3 , the required geometrical parameters for different fabrics are found. Tables 4 and 5 show the predicted results for the elastic properties; however, Tables 6 and 7 show the ultimate tensile and shear strengths evaluated analytically by the above proposed model. Figures  10 to 12 show a comparison between analytical predictions and experimental measurements for inplane Young's modulus Ex and Ey and tensile strength along warp direction ''Sigma-x''. The predicted results are compared to available experimental data and numerical models are found in the literature. Unfortunately, there is no available experimental data for all elastic properties and ultimate strengths. However, the available data could give a clear idea about the ability and potential of the proposed model in evaluating the mechanical properties for different kinds of textile composites.
Concerning the elastic properties, it is well shown that for in-plane Young's moduli Ex and Ey, the error is not exceeding 10% and it is around 5% as average error. However, for in-plane shear modulus Gxy, the error is also small with an error below 10%. For in-plane Poisson's ratio, a good Table 4 . Elastic properties for different woven composites predicted by the proposed model compared to available experimental data (Christiane, 2006; Scida et al., 1999) . (Tan et al., 1999b) FE numerical (Tan et al., 1999b) Table 3 . Geometrical parameters for braided composites (Falzon and Herszberg, 1998 (Falzon and Herszberg, 1998) 14.847 0.525 0.35 0.57 45 Table 5 . Elastic properties for different braided composites predicted by the proposed model compared to available experimental data (Tan et al., 1999b) and FE numerical modeling results Tsai et al. (2008) .
Composite Method (Tan et al., 1999b) 46.4 AE 2.3 0.73 AE 0.01 Diff% 2% À6.7% Table 6 . Ultimate tensile and shear strengths for different woven composites predicted by the proposed model compared to available experimental data (Christiane, 2006; Scida et al., 1999 agreement is found between predicted analytical results and those experimental data. For the ultimate strengths, beside the 8H-satin weave and the 2x2 twill weave composites, very good agreement was found with an error not exceeding 13% for braided composite (Tables 6 and 7 , and Figure 12 ). Better results are shown for woven composites compared to those for tri-axially braided composites, could be related to more accurate geometrical parameters used. A fair discussion of the results predicted by proposed model shows that an error around 10% is well acceptable, knowing that it is caused by many factors. That error is a result of errors in geometrical parameters used, mechanical properties for fibers and matrices and the error of each sub-model used for the calculation of the mechanical properties of subdivisions-UD composites, and the error caused by the proposed model itself. Thus, any enhancement in these factors could lead to a better prediction of the mechanical properties. An advantage of the proposed model is the Table 7 . Ultimate tensile and shear strengths for different braided composites predicted by the proposed model compared to available experimental data (Falzon and Herszberg, 1998 (Falzon and Herszberg, 1998) 458 Diff% 12% flexibility it has, to be used for all kinds of textiles, and in the same time its reliability. The proposed model allows a preliminary study of mechanical properties for different kinds of fabrics with different architectures, fibers, and polymeric matrices. Another important advantage is the calculation of time required, which is very short where it did not exceed couple of seconds to evaluate all elastic properties and shear stresses, and about 20 seconds for ultimate axial stresses, performed on a portable computer (Intel Õ core TM i5-2410M CPU @2.30 GHz 2.30 GHz) with an installed memory (RAM) of 8 Gb. 
Conclusion
In this study, an analytical modeling of the mechanical behavior for textile composites is presented. The proposed model consists of different sub-models: the 3SHM homogenization method, the TsaiWu and Christensen failure criteria and the multi-failure damaged model. The presented modeling technique is able to predict the 3D elastic properties and the ultimate axial and shear strengths of any textile composites. Two problems that face analytical models concerning the strength prediction are discussed. It is found that assigning a multi-failure mode is much better than assigning a single failure mode for a failed subdivisions-UD composites of an undulated yarn. In addition, the final failure of undulated yarns is investigated in comparison with available experimental data. It is shown that it is better to consider the final failure of an undulated yarn when 90% of subdivisions-UD composites are at failure rather than 100%.
In order to investigate the potential of the proposed model, a modeling of seven different textile composites, consist of four woven and three braided composites, is performed. The comparison of predicted results with experimental data, FE numerical, and AEHM numerical models shows very good agreement. The model provides a simple, easy to use, and generalized, as well as reliable solution for the prediction of elastic properties and ultimate axial tensile and shear strengths of textile composites.
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where A is the area of transverse section and L und is the length of the centerline of the undulated part is given by
Modeling of the transverse section
The transverse section of yarns could be represented in different shapes: rectangular, circular, lenticular, elliptical, and racetrack (ellipse þ rectangle) shapes ( Figure 14) . In order to determine their areas, the accuracy in determining the width and the height of yarns is crucial. Then, the area of each cross-section is easily calculated in terms of width and height of the yarn's transverse section. Noting that, the geometrical parameters such as the width ''a,'' the height ''h,'' in addition to the yarns gap ''g'' serve in the calculation of the longitudinal section.
Fiber volume fraction
The calculation of fiber volume fractions in the composite Vf c and in each yarn Vf y is very important in determining the stiffness matrix of the composite. There are many analytical methods where Vf y could be determined, dependent on available experimental data of the studied composite. Having the number of fiber filaments ''n'' and its diameter ''d,'' Vf y could be estimated after the calculation of the filaments cross-section area ''A f '' and the yarn cross-section area ''A'' as follow 
Another method could be adopted if the density and the weight/length ratio ''WL'' are available; in this method, the area of the cross-section is also needed.
Knowing that almost all experimental data of composites give Vf c , where Vf y could be calculated in terms of REV and yarns volumes 
In this method, it is assumed that all yarns have the same fiber volume fraction. It is better used with non-hybrid textiles and with yarns that have the same Tex.
It could be noticed from above equations, the importance of well defining the transversal section type of yarns and the calculation of its cross-sectional area. In addition, the calculation of the length of longitudinal section, in the third method, is important to estimate a correct value og Vf y .
Homogenization
At the micro level homogenization, the discretized small sub-volumes of undulated yarn, in addition to the straight yarns, are considered as unidirectional lamina with long fibers. They represent transversely isotropic materials (Figure 15 ). Their effective elastic properties are found using a micromechanical analytical model as described in the previous section. Then, stiffness matrices of yarns sub-volumes ½C There are many analytical micromechanical models used to predict the elastic properties of unidirectional lamina with long fibers. Some micromechanical models are also used to evaluate the ultimate strength of UD composites. Based on a comparative study done previously by the authors (Hallal et al., 2011a) , the Chamis micromechanical model (Chamis, 1989; Chamis et al., 2013 ) is used to evaluate the elastic properties and ultimate strength for a UD composite.
The matrix is considered to be an isotropic materiel where its stiffness matrix C m ½ can be simply derived from the compliance matrix S m ½ in terms of Young modulus E m and the Poisson'sratio m . 
At the meso level homogenization, the stiffness matrices of the undulated yarns are evaluated. The stiffness of an undulated yarn is evaluated using both iso-strain and iso-stress assumptions when assembling sub-volumes respecting the following scheme:
(1) The stiffness and compliance matrices of sub-volumes in the (XYZ) coordinate system are given by 
where T c and T s are the 3D transformation matrices.
(2) The sub-volumes of left and right undulated parts (referred by L and R, respectively) ( Figure 16 ) are assembled in a mixed iso-strain /iso-stress model parallel using a weighted parameter P cu , where the stiffness matrices of left and right undulated parts are given respectively by C 
